Environmental isotopes and noble gases in groundwater samples from the Kazan Trona Ore Field are studied to establish the temperature change between the Holocene and the late Pleistocene. Noble gas temperatures (NGTs) presented in this study add an important facet to the global paleotemperature map in the region between Europe and North Africa. The groundwater system under investigation consists of three different aquifers named shallow, middle and deep in which δ 18 O and δ 2 H vary from −8.10‰ to − 12.80‰ and from − 60.89‰ to −92.60‰ VSMOW, respectively. The average isotopic depletion between unconfined and confined parts of the system is − 2.5‰ in δ
Introduction
Understanding regional sensitivity to global climate change is crucial for predicting the response to warming caused by humaninduced increases in greenhouse gas concentrations. The reconstruction of past climate variations can help to answer this question (Alley et al., 2003) .
The "groundwater noble gas thermometer" is based on the temperature dependence of the solubility of noble gases in water. Noble gas concentrations in groundwater from confined aquifers have been used to reconstruct paleotemperature records primarily for the last glacial period (Mazor, 1972; Andrews and Lee, 1979; Stute and Deak, 1989; Stute et al., 1992 Stute et al., , 1995a Stute et al., ,1995b Stute and Schlosser, 1993; Beyerle et al., 1998; Aeschbach-Hertig et al., 2002; Hall et al., 2005; Castro et al., 2007; Klump et al., 2008; Blaser et al., 2010; Alvarado et al., 2011; Varsanyi et al., 2011) . These studies have shown that selected confined aquifers can be considered as low-pass filtered continental paleoclimate archives. The length of the records is limited by the available dating methods (primarily radiocarbon), as well as diffusion and dispersion within the archive.
A confined aquifer system near Ankara, Turkey was studied in the context of exploitation of a trona deposit. Trona (Na 2 CO 3 ·NaHCO 3 ·2H 2 O) is a rare, naturally occurring mineral refined to soda ash used mainly in glass manufacturing. Kazan trona is found in the Eocene deposits of the Kazan Basin and will be extracted by using solution mining technology. After the discovery of the deposit, groundwater resources in the area were characterized hydrogeologically and hydrogeochemically to assess the potential impacts of solution mining on the aquifer system (Yazicigil et al., 2001 (Yazicigil et al., , 2009 SRK, 2004; Camur et al., 2008) . To provide supporting evidence for the mixing mechanisms within the complex hydrogeologic system, consisting of three different aquifers above the deposit, a multi-tracer approach was utilized (δ H, CFC-11 and CFC-12, He and Ne) and groundwater residence times were established (Arslan, 2008; Arslan et al., 2012) . Arslan et al. (2012) used the residence times to derive information needed for the development of strategies for sustainable groundwater management throughout the area, since significant amounts of water from local aquifers would be required during solution Quaternary Research 79 (2013) [292] [293] [294] [295] [296] [297] [298] [299] [300] [301] [302] [303] Station between 1930 and 2006 (Turkish State Meteorological Service, personal communication) .
Unfortunately, there is no information on late Pleistocene paleoclimate in the study area. There are a number of studies quantifying climatic changes in central Turkey (Eski Acigol, Konya Basin and Mount Erciyes) during the Late Pleistocene based on sediment records (Kuzucuoglu et al., 1999; Roberts et al., 2001) , lake isotope paleohydrology (Jones et al., 2007) and glacial modeling (Sarikaya et al., 2009) . Kuzucuoglu et al. (1999) reconstructed the environmental changes in central Anatolia during the last 150 ka in Konya Basin, stating that between 150 and 170 ka the climate was cold and dry and vegetation was steppe-like and treeless. Between 115 and 66 ka there were periods of increasing aridity, and from 66 to 30 ka climate was slightly warmer than the previous period. The pleniglacial period (24-18 cal ka BP) was extremely dry and there was a severe drought during the late glacial period (18-12 cal ka BP). Sarikaya et al. (2009) used 36 Cl dating and glacier modeling in Mount Erciyes to reveal the paleoclimate in central Turkey during the last 22 ka and stated that the LGM climate (21.3 ka) was 8 to 11°C colder than today and moisture levels were similar to modern values. Emeis et al. (2000) derived a 9°C drop in sea-surface temperatures for the Ionian sea relative to present day for the glacial period (19 ka). It has also been proposed that temperature changes in the eastern Mediterranean are similar on land and at sea (Bar-Matthews et al., 2003) . 
Geological background
The geological information given here is a compilation of previous investigations carried out by Toprak and Rojay (2000) , Toprak and Rojay (2001) and Rojay et al. (2002) . According to these studies, the basement rocks in the area are formed from a Paleozoic NE-SW trending metamorphic belt in the northwest of the area and Paleogene volcanic rocks in the southwest. They consist of black, intensely deformed graphitic schists that enclose gray, thick-bedded, dismembered, and intensely fractured limestones. The basement rocks are overlain by the Eocene deposits, which are developed as a transgressive sequence from a lacustrine to a shallow-marine depositional setting. These units crop out as a NE-SW trending belt in the area (Fig. 2) . The lower sequence of the Eocene Mulk Formation consists of intensely deformed brownish yellow mudstones, siltstones and sandstones with green volcanic inclusions and hosts the trona deposit. The upper sequence (Akpinar Formation) is made up of cross-laminated siltstones, sandstones and conglomerates followed by fossiliferous sandy limestones. The Akpinar Formation is followed by the Neogene units, which consist of deformed clayey and fractured limestones at the bottom and a porous sandstone-conglomerate sequence towards the top. Neogene units are unconformably overlain by the Pliocene units composed of highly porous, well-rounded, poorly cemented, compacted and sorted conglomerates and siltstone-mudstone-sandstone alternations. Quaternary deposits in the area are characterized by the colluvium/talus accumulations, alluvium, alluvial fans and slope deposits and consist of angular to subrounded pebbles in the hills and loose pebbles and silts in the flat-lying surfaces (Fig. 2) .
Hydrogeological background
The groundwater system in the area consists of three different aquifers: shallow, intermediate and deep (Fig. 3) (SRK, 2004) . The shallow aquifer system is present in the Quaternary deposits under unconfined conditions. The middle groundwater system is present in the fractures developed as a result of faulting and in the basal conglomerates of the Neogene unit. The system is uncovered in the middle of the study area between Incirlik and Fethiye villages (Fig. 2) , whereas to the east it is completely covered by Quaternary units (Fig. 3) . A thick aquitard consisting of the Akpinar Formation separates this system from the underlying deep aquifer in the north of Incirlik village. Toward the south of the village, the middle system lies directly above the deep system. The average thickness of this aquifer is estimated to be 50 m (SRK, 2001) . The deep confined groundwater system is present in the extensively fractured sections of the Eocene Mulk Formation. The thickness of the deep aquifer is more than 400 m in the west of the trona deposit and it decreases toward the east to about 100 m (SRK, 2004) . The system is confined except for the outcrop area where it is recharged. The Eocene formations outcrop around elevations of 1150-1400 m. There is a groundwater mound at the northern end of the trona deposit and the groundwater flow is to the northeast and southeast from this mound (Fig. 1) . The hydraulic conductivity ranges from 2 × 10 −10 m s −1 in the matrix rock to 3 × 10 −4 m s −1 in the most fractured sections (SRK, 2004) . There is an upward vertical gradient between the deep system and overlying units increasing in magnitude in the direction of flow. At the southern half of the trona deposit area, the presence of a Figure 2 . Geological map of the study area.
Modified from Toprak and Rojay (2001) .
saline zone in the fractured rock system affects the groundwater quality in this system (SRK, 2001 ).
Methods

Field sampling
Three field trips were carried out between the summers of 2006 and 2007 in the Kazan Basin. A total of 28 representative samples were collected from the groundwater wells monitoring different depths ranging from 4 m to 540 m below ground surface. In situ pH, temperature, electrical conductivity and dissolved oxygen measurements were carried out and the samples were collected after the field parameters reached equilibrium to ensure that they represent the water in the aquifer. 60-ml Boston round clear glass bottles with 20-mm sized poly seal screw caps were used to collect samples for stable isotope analysis, 250 ml Boston round clear glass bottles with 24 mm screw caps were used to collect samples for 3 H, 13 C and 14 C analysis. 0.2 ml of saturated HgCl 2 solution was added to 13 C and 14 C samples immediately after collection to prevent post-collection biological activity from changing the carbon isotopic composition. During noble gas sampling, 50 cm long, 1-cm outer diameter copper tubes fixed in aluminum channels were sealed on both ends by stainless steel pinch-off clamps (Weiss, 1968) . The formation of gas bubbles was reduced by attaching a back-pressure valve assembly; the details of the procedure are explained in Stute et al. (1995a) . Another field trip was carried out in May 2010 to collect samples from the geological units hosting the deep aquifer system (Eocene Mulk Formation) and a total of 13 samples were collected and analyzed for U and Th concentrations. The sampling locations are presented in Figure 2 .
Laboratory analysis
Stable isotope ratios δ
18
O and δD were measured in the Environmental Isotope Laboratory of University of Waterloo , Canada, by using a Micromass ISOPRIME Continuous Flow Isotope Ratio Mass spectrometer (CF-IRMS). Analytical uncertainties of the individual measurements are estimated to be within ±0.2‰ for δ He-ingrowth method (Clarke et al., 1976) . The samples were degassed and flame-sealed in glass bulbs where they were stored for more than 4 months. After storage, the 3 He which had accumulated from tritium decay was extracted and admitted to a VG-5400 He isotope mass spectrometer at Lamont-Doherty Earth Observatory (Ludin et al., 1997) . The analytical precision and the detection limit of the tritium measurements was about ±0. C analyses were performed by using an accelerator mass spectrometry (AMS) system following the procedures described in WHOI (1989) . The results are given as percent modern carbon (pmc) and the analytical precision and detection limits are reported to be within ±1% and 0.07 pmc, respectively.
The dissolved gases were extracted from the copper tubes on a vacuum line and the individual noble gases were separated and analyzed by using a multi-purpose noble gas mass spectrometer (MAP 215-50) at L-DEO. The procedure has been described in detail by Stute et al. (1995a) . The precision of the measurements is about ± 1 to 2% for noble gas abundances and helium isotope ratios.
Concentrations of total U and Th in aquifer material samples were measured at Brooklyn College (City University of New York) with inductively coupled plasma mass spectrometry (ICP-MS). The samples were prepared as follows: 0.05 g of powdered rock sample was placed in Teflon vessel and dissolved in 3 ml HF + 1 ml HNO 3 + 1 ml H 2 O solution for 2 days on a hot plate (180°C). The solution was then completely evaporated and 2.5 ml HNO 3 and 2.5 ml DI water were added. This new solution was left on the hot plate at 100°C for 2 days. This process was repeated and 0.5 ml of the final solution was added to 9.5 ml DI water followed by measurement in ICP-MS.
Results
Results of the chemical data collected in the field, isotopic analyses and noble gas isotope measurements are reported in Tables 1, 2 , the highest values observed in both shallow and deep systems (Table 1) . pH values vary between 7.53 and 12.29, with the highest values found in the middle aquifer system. Dissolved oxygen contents of the samples from the shallow system range from 0.1 to 10 mg l −1 , and for the deeper systems it is b 0.05 mg l −1 (Table 1) . Stable isotope ratios of the water molecule within the aquifer systems cover a wide range of values from − 8.10‰ to −12.80‰ and from − 60.89‰ to − 92.60‰ V-SMOW for δ 18 O and δD, respectively. Isotopically lighter values are found in the deep aquifer system (Table 2 ). An isotopic contrast is observed between the shallow and deep aquifer systems (Fig. 4) . Most of the δ 18 O and δD samples from the deep aquifer system fall along the global meteoric water line (GMWL) whereas most samples from the shallow unconfined aquifer and a few of the confined aquifer plot to the right of the meteoric water line (Fig. 4 ). δ
13
C values for DIC show an enrichment from shallow to deeper aquifers and range from −8.65‰ near the recharge area to values up to +3.52‰ in the deep aquifer system (e.g., samples D-57A, D-47 and D-8; Table 2 ). 14 C activities are close to the detection limits (0.07 pmc) for some of the samples from the deep system (e.g., samples D-57A, D-47; Table 2 ).
The concentrations of noble gases were measured in a total of 15 samples, 8 of which are from the shallow system and the rest from the deep, confined aquifer system (Table 3) He ratios were found in water from the shallow aquifer, the lowest in the deep aquifer (Table 3) .
Results of the U and Th concentrations in aquifer rocks are presented in Table 4 . U and Th concentrations range from 0.85 ppm to 2.54 ppm and from 2.02 ppm to 5.20 ppm, respectively.
Calculation of noble gas temperatures
The interpretation of noble gases in groundwater requires correction of the "excess air" component (Heaton and Vogel, 1981) . There are three models proposed to explain the formation of excess air, which are total dissolution (TD) of trapped bubbles (Andrews and Lee, 1979; Stute and Schlosser, 1993) , partial re-equilibration (PR) with the atmosphere after total dissolution (Stute et al., 1995b) , and closed-system equilibration (CE) of groundwater with partially dissolved entrapped air which are discussed in detail in AeschbachHertig et al. (2000) . In this study, these models were fitted by the inverse algorithm of Aeschbach-Hertig et al. (1999) to the noble gas data of 15 samples obtained from the aquifers above the Kazan Trona ore field. Here, only the CE model equation presented by AeschbachHertig et al. (2000) is given (Eq. (1)).
where C i ⁎ (T,S,P) defined as the moist air solubility equilibrium concentrations as functions of temperature, salinity (g kg
) and atmospheric pressure (atm) (Weiss, 1970 (Weiss, , 1971 Weiss and Kyser, 1978; Clever, 1979) , z i are the noble gas volume fractions in dry air. F shows the fractionation of excess air and A denotes the initial amount of dry entrapped air per unit mass of water.
Equation (1) is not applicable to the observed He for the aquifer system in this study due to the presence of non-atmospheric He. The parameter S can be estimated as: S = 0% for the meteoric recharge water although in two of the samples (S-4 and D-47) EC values are up to 14,069 μs cm −1 corresponding to a salinity value of~10 g kg −1 . A salinity correction should be carried out for these two samples, assuming that during the measurements there is salt in the samples besides water. Nevertheless, the salinity is ignored due to the fact that this correction would only change the temperatures by less than 0.27°C. In Eq.
(1), the parameter P depends on the recharge elevations. For the samples from the deep system the recharge elevations vary between 1150 m and 1400 m where Eocene units outcrop corresponding to P values between 0.871 atm and 0.845 atm, respectively. For the shallow aquifer, recharge elevations change between 1050 and 900 m where alluvium units outcrop corresponding to P values between 0.882 atm and 0.898 atm. The sensitivity of the NGTs to elevation is small, a change in assumed elevation of the recharge area from 1150 to 1400 m (250 m) results in a 0.7°C lower recharge temperature equivalent to an altitude effect of 0.3°C/100 m. Therefore, the recharge elevations are assumed to be the average elevations where units outcrop and the calculations were carried out based on these average elevations (1050 m for the shallow system, 1250 m for the deep system).
Equation (1) was solved for the unknown parameters by inverse modeling using four measured concentrations (Ne, Ar, Kr, Xe) with Ballentine and Hall, 1999) . One sample yielding a probability p b 0.01 was rejected (i.e., sample D-63A); p is the probability to obtain a χ 2 -value equal or higher than the observed value with a correct model; see Table 5 ). All other samples provided acceptable fits with the PR-and CE-models (14 samples out of 15, χ 2 =17.4; p = 0.23 for CE-model and χ 2 =22.6 p = 0.07 for PR-model). The CE model better describes the noble gas data set from the Kazan aquifer system with a minimum χ 2 value. In Table 5 , as defined by Aeschbach-Hertig et al. (2000) , F is equal to v/q where v is the ratio of the entrapped gas volumes in the final and initial stage and q is the ratio of the dry gas pressure in the trapped gas to that in the free atmosphere. The noble gas temperatures (NGTs) calculated by using the CE-model range from 3.2°C to 14.7°C, the lower ones belonging to the samples from the deep aquifer system ( 
Discussion
Noble gas temperatures
The samples from the recharge area (S-4, S-5, S-16 and S-19) show an average noble gas temperature of 14.1 ± 0.4°C. This value is close to today's ground temperature for the recharge area (~13°C) at an elevation of 1050 m. The average ground temperature is calculated by using the daily soil temperature measurements taken 50 cm below ground between 1941 and 2006 from a station in Ankara (ground temperature:~14°C; elevation: 891 m; Turkish State Meteorological Service, personal communication), after correcting this temperature for the decrease in temperature from 891 m to 1050 m. In Ankara station, ground temperatures are 2.2°C warmer than mean annual air temperatures.
NGTs calculated for samples S-2, S-3 and S-9, which are from the shallow system but under the influence of mixing with deeper waters as suggested by the geochemical and tracer data (SRK, 2004; Arslan et al., 2012) , are 1.2 to 2.8°C lower than the ground temperatures at 1050 m (13°C).
The samples from the deep system are about 3 to 8°C lower than today's ground temperature for the recharge area (11.7°C for a recharge elevation of 1250 m), indicating that some groundwater recharge occurred to the confined parts of this system under colder climatic conditions than at present.
Stable isotopes
For the shallow aquifer samples, the deviation from the GMWL is most likely caused by evaporative enrichment as the depth to groundwater is between 2 and 15 m in those wells (less than 2 m in well S-9 and around 15 m in S-5). Such evaporative enrichment constraints (Ne, Ar, Kr, Xe) and three free parameters (T, A, F) for each sample). p is the probability for χ 2 to be equal to or larger than the actual value due to random errors, although the model is correct. Fits with p b 0.01 are rejected (values in italics).
T is the model parameter for the equilibration temperature (noble gas temperature, NGT). A is the model parameter for the STP-volume of initially entrapped air per mass of water. F = v/q is the fractionation parameter, showing the reduction of the entrapped gas volume. v is the remaining fraction of the entrapped gas volume after partial dissolution. q is the dry gas pressure in the entrapped gas relative to that in the atmosphere. ΔNe (%) = (Ne meas /Ne eq − 1) × 100% is the relative Ne excess above solubility equilibrium. Radiogenic He is the excess He above the atmospheric He components predicted by the model.
frequently occurs during or after recharge in arid regions (e.g., Clark and Fritz, 1997) . According to the relationship between δ 18 O and elevation obtained by Apaydin (2004) for Beypazari Trona Ore field, which is located 50 km west of the study area, the depletion in δ
18
O is about 0.44‰ per 100 m rise in altitude. In our study area, the average isotopic depletion in δ 18 O between shallow and deep systems is 2.5‰ and it is not possible to explain these isotopically lighter values in samples from the deeper groundwater systems solely with the altitude effect based on Apaydin's (2004) study. In fact, the highest topographical elevation in the recharge area is not as high as the elevation that would be obtained from δ 18 O data if their minimum values would be explained by the altitude in the recharge area of the shallow aquifer only. Therefore, it has been concluded that the lighter stable isotope values reflect that the recharge elevation of the deep aquifer system is higher than the shallow system (altitude effect) and the recharge temperatures in the deep aquifer system are lower than that in the shallow system (temperature effect). Since the elevation difference between shallow and deep systems is around 200 m, about 0.9‰ of the depletion would be due to the elevation changes and the remainder (about 1.6‰) is a lower limit for the climateinduced change. Consequently, the differences in stable isotope ratios of groundwater from the shallow and deeper systems indicate that deep groundwaters were recharged under climatic conditions different from today's. The temperature effect is one of the climate-related factors influencing the δ O and temperature can also be observed in other regions (e.g., Kabul, Tashkent, Irkutsk, Zagreb, and Krakow) that are under the influence of continental climate conditions similar to that of Ankara (IAEA, 1992) .
A meteoric water line (MWL-1) with a deuterium excess (d) of 8.7‰ can be constructed by using the stable isotope data of samples D-13, D-37, D-47, D-60A, and D-63B from the deep aquifer system with an r 2 value of 0.98 (Fig. 4) . The d value is somewhat different from that of modern Ankara precipitation, which is about 11.4‰. On a global basis the d-value averages about 10‰ (Craig, 1961) . However, it changes regionally due to variations in source of humidity, wind speed and sea-surface temperature (SST) (Clark and Fritz, 1997) . According to Clark and Fritz (1997) , when humidity is about 85% stable isotope values for precipitation plot very close to the global meteoric water line. It is hard to determine the deuterium excess values in precipitation of the Holocene or Pleistocene epochs with our present data set. However, in general, the deuterium excess seems to be more or less uniform throughout the record, suggesting a constant circulation regime of the atmosphere over the study area for the past 35 14 C ka BP as suggested by Rozanski (1985) . The general cooling during the late Pleistocene might be accompanied by a change in source of water vapor recharging the aquifer.
Radiocarbon dating
The radioactive isotope of carbon, 14 C, is extensively used in dating of dissolved inorganic carbon (DIC) in groundwater (DIC = CO 2(aq) + HCO 3 − + CO 3 − 2 ) as the atmospheric 14 C dissolved in the precipitation reaches the groundwater table and starts decaying to nitrogen in the groundwater system. Its relatively long half-life of 5730 yr allows dating of ages up to about 40,000 yr. To successfully date a groundwater sample by radiocarbon dating, the initial activity of 14 C should be known (Clark and Fritz, 1997) . Estimation of the initial activity of 14 C (a 0 14 C) requires radiocarbon data of a sample from the recharge area, which is proven to be modern but tritium-free pre-bomb water (Kazemi et al., 2006) . During the hydrogeology studies for conceptual understanding of the study area, Yazicigil et al. (2001) gathered isotope data from some of the springs and wells. One of the sampled springs, SP-2, is a seasonal spring responding to precipitation immediately and ceases to flow during the dry season. For this spring, the 3 H amount, 14 C activity, and the δ 13 C value were reported in February, 2001 to be 7.58 TU, 68 pmc and − 8.96‰, respectively (Yazicigil et al., 2001 ). This modern sample contains tritium and there would be a slight overestimation of the initial condition for older groundwaters if 68 pmc is used as a 0 14 C, because of the presence of bomb 14 C. Being aware of this fact, a 0 14 C was assumed to be 68 pmc for all the samples during calculations (Table 2) .
To simply use the first-order kinetic rate law for decay to date a groundwater sample, the final concentration of 14 C in groundwater should have only been affected by radioactive decay, although it can be modified by isotopic exchange from recrystallization and precipitation reactions. In our study area, there is evolution of DIC in the groundwaters and the influence of this evolution on δ
13
C values can be observed in Fig. 5 . The evolution of DIC and the enrichment in δ
C between shallow and deep aquifer systems implies isotope exchange between groundwater and the aquifer matrix. There is possible dissolution of carbonate minerals adding dead carbon to the groundwater, resulting in a lower 14 C ratio for the sample. Therefore, 14 C ages need to be corrected for carbonate dissolution. There are different approaches to correct apparent 14 C ages and the most appropriate approach depends on the geochemical system and the data available. 13 C is a good tracer of open and closed system evolution of DIC in groundwater; the large difference in δ 13 C between the soil-derived DIC and carbonate minerals in the aquifer provide a reliable measure of 14 C dilution by carbonate dissolution. Therefore, in this study a δ 13 C mixing model was used (Pearson, 1965; Pearson and Hanshaw, 1970) to correct our 14 C ages. This model is strongly dependent on recharge conditions affecting the 13 C enrichment factor during dissolution of CO 2 and the evolution of δ 13 C DIC . Any process that adds to, removes from, or exchanges carbon with the DIC pool altering the 14 C concentrations will also affect its 13 C values. A dilution factor (q) as suggested by Pearson and Hanshaw (1970) was employed during our calculations as a measure of carbonate dissolution in the aquifer. This factor can be calculated by using Eq. (2). In this equation, δ C 4 plants approximately − 12.5‰); and δ 13 C carb is δ 13 C of the calcite being dissolved (usually close to 0‰; 2‰ for marine carbonates).
We do not have any information regarding δ
C carb values of the carbonates in the study area; however, they should have a value similar to that measured for the carbonates located near the study area and deposited at the same time with the Eocene carbonates in the area. In a study carried out by Genc (2006) C values of + 4.21‰ (Bayari et al., 2009) . Therefore, it is not unreasonable to assume a value of + 4‰ for δ From field observations and other studies carried out around Ankara (Cetin et al., 2002; Elci and Erik, 2005 ) the modern plant species should follow a C 3 pathway as their principal photosynthesis cycle. Therefore, the modern δ 13 C soil value should be around − 27‰;
however, δ 13 C soil values might not be constant over time. Botteme and van Zeist (1981) , Prentice et al. (1992) and Wick et al. (2003) pointed out a low content of arboreal pollen and relatively high content of Chenopodiaceous pollen in the late Pleistocene record (especially from 30 ka to 15 ka) in lakes Karamik and Sogut from western Turkey, Lake Ioannina from northern Mediterranean, and Lake Van from eastern Turkey, respectively. During this period, cold arid climate caused the dominance of the steppe vegetation (C 3 plants) which is a type similar to the one around the study area today. Pollen evidence from Lake Eski Acigol and Lake Van region shows that arboreal vegetation re-established itself slowly in central Turkey during the Holocene (Wick et al., 2003; Woldring and Bottema, 2003) . Therefore, the δ 13 C soil value might have changed in the past due to the change in vegetation cover; however, it probably was close to − 27‰ especially between 30 ka and 15 ka.
q values calculated accordingly are presented in Table 2 together with the estimates of ages through 14 C dating obtained by using Eq. (3). According to Table 2 , all the samples from the middle and deep aquifer systems, except for sample D-20, entered the system before the Holocene. This observation is consistent with the findings extracted from the noble gas data. It should be noted that our age estimates derived from 14 C dating are likely lower limits because most measurements are only slightly above the detection limit. Moreover, the calculated 14 C ages should not be considered as absolute ages due to the uncertainties associated with the amount of dead carbon contribution, the vegetation cover in the area and the δ 13 C value for the carbonate rocks in the area.
Climate signals in noble gas and stable isotope records
NGTs from the deep aquifer system of Kazan Trona Basin together with the stable isotope data suggest the presence of water from the last glacial period (LGP). The plot of δ O temperature relationship. It should be noted that since data from different aquifers are compared in this study, an elevation correction had to be carried out for samples from the deep aquifer system since using different recharge elevations introduces a systematic offset between shallow and deep samples. For this purpose, the deep aquifer samples δ He age calculations can be found in Arslan et al. (2012) . Recently recharged waters with the isotopic signature of modern precipitation from the shallow system have NGTs close to today's mean ground temperatures (13°C) whereas the isotopically lighter samples with high 14 C ages have lower NGTs. The depletion in heavy isotopes of the groundwaters with 14 C ages of about 15 cal ka BP and older, in comparison with more recently recharged waters, indicates the presence of paleorecharge to the deeper systems (Fig. 7) .
The radiogenic helium values presented in Table 5 are compared with the age estimates based on 3 H/ 3
He and radiocarbon and NGTs (Figs. 8 and 9) . He concentrations can be used as a relative age indicator (He concentrations increase with groundwater age due to accumulation of radiogenic 4 He produced U and Th decay series elements in the rocks and released into groundwater or 4 He accumulated from crustal or mantle helium fluxes; e.g., Torgersen and Stute, in press ). The internal rate of 4 He production from U/Th-series decay were calculated roughly by using an average density of 2.5 g cm − 3 , 20% rock porosity and 1.43 ppm and 3.82 ppm U and Th concentrations, respectively, in aquifer material. U and Th concentrations were obtained by averaging a total of 13 measurements carried out in aquifer material samples. The production rate was calculated to be 3.5 × 10 − 12 cm 3 STP g − 1 yr − 1 , which is slightly below the typical in situ production rate reported as 5 × 10 − 12 cm 3 STP g − 1 yr − 1 (e.g., Torgersen and Clarke, 1985) . Samples from the deep aquifer system except for sample D-47 are consistent with the accumulation of internally produced He (Fig. 8) . Sample D-47 is different from the rest of the samples, as indicated above, and its He excess indicates that the mean residence time of this sample is higher than the estimated radiocarbon age. When plotted as a function of helium excess, the NGTs show a smooth trend (Fig. 9 ). NGTs increase with increasing He excess values, which is interpreted as indication of gradual cooling from the pre-LGM to the LGM period. In the same figure, the shallow samples show varying He excess values, although the NGTs are similar. The modern samples (S-2, S-5, S-16, S-19) have very little excess He while some of the shallow samples (S-3, S-4, S-9, S-11) have high NGTs and high He excess values likely reflecting mixing between mostly groundwater of Holocene origin with some older glacial groundwater (Fig. 9 ).
There is a clear distinction between the shallow and deep samples in terms of excess air (Table 5 ) and the deep samples have distinctly higher ΔNe values. The amount of excess air is linked to the amplitude of groundwater table fluctuations due to intermittent rainfall patterns (Heaton and Vogel, 1981) . Therefore, higher ΔNe values observed in deep groundwater samples indicate that the recharge dynamics in the deep system were different in the past and the recharge and precipitation amounts were more variable, causing large fluctuations of the water table.
In the study area, there is not much information on late Pleistocene paleoclimate. In fact, our NGT record is the first data set of this nature from central Turkey. Besides, no study carried out in central Anatolia describes the temperatures in Pleistocene extending beyond the LGM period that can be used for comparison. However, there is a study by Affek et al. (2008) in Soreq cave speleothems (Israel) that reports temperatures 6-7°C colder than modern-day temperatures. Affek et al. (2008) stated that about 56 ka ago the temperatures were 3°C colder during pre-LGM than the modern temperatures. Also, NGT records obtained from different locations in Europe and Southeastern Arabia (Great Hungarian Plain-Hungary, Northern Oman, Ledo-Paniselian Aquifer-Belgium, Pannonian Basin-Hungary and Bohemian Cretaceous Basin-Czech Republic) revealed similar temperature changes (5-9°C) between glacial periods and the Holocene (Stute and Deak, 1989; Weyhenmeyer et al., 2000; Blaser et al., 2010; Alvarado et al., 2011; Varsanyi et al., 2011) .
Conclusions
The stable isotope, noble gas and 14 C data from the Kazan Trona Ore Field verify the existence of paleowater in the deep aquifer system. The noble gas temperatures (NGTs) of the shallow aquifer system are consistent with the average annual ground temperatures whereas in the deep groundwater system NGTs 4 to 8°C lower than at present are observed. The estimated radiocarbon ages are modern for the samples from the shallow system and up to 34 cal ka BP in the middle and deep aquifer systems. Helium excess values are consistent with the accumulation of internally produced He. In one sample the He excess value indicates that the mean residence time of the sample is higher than the estimated radiocarbon age. The mean residence times, together with the stable isotope data, provide strong evidence of recharge to the middle and deep aquifer systems under colder climatic conditions, as compared to the present. Our data support previous studies on paleoclimate in central Turkey indicating that glacial periods were 5 to 8°C cooler than present. Moreover, a different deuterium excess value (8.7‰) than today's He dating (Arslan et al., 2012) and radiocarbon dating. Most samples from the deep aquifer system follow the trend that He-excess increases with age. The calculated helium production rate is 3.5×10 −12 cm 3 STP g −1 yr −1
. Figure 9 . Noble gas temperatures (NGTs) vs. helium excesses. There is a correlation between noble gas temperatures and He-excesses for the deep aquifer system. For the shallow system, although the NGTs are more or less the same, He-excess values vary due to the mixing of older groundwater.
(11.42‰ for Ankara) indicates that the general cooling during the last Pleistocene might be accompanied by a change in source of water vapor recharging the aquifer.
